R eplication of HIV in vivo primarily occurs in CD4
ϩ T lymphocytes and mononuclear phagocytes (1), two fundamental target cells also infectable in vitro. In this regard, T cell tropic [also known as ''syncytium-inducing'' (SI) viruses] vs. macrophage tropic͞non-SI HIV isolates have been described (2) . Chemokines, such as regulated upon activation normal T cell expressed and secreted (RANTES), macrophage inflammatory protein (MIP)-1␣, and MIP-1␤ have shown inhibitory effects on the replication of macrophage tropic͞non-SI viruses in T cells (3) and, in some studies, also in monocytes and͞or monocytederived macrophages (MDM) (4, 5) . Their antiviral effect has been elegantly demonstrated to reside in the binding to CCR5, a cell surface receptor also serving as viral coreceptor for entry into CD4 ϩ cells (6) . Furthermore, CXCR4 serves as coreceptor for SI HIV-1 strains (7, 8) , whereas its ligand stromal cell-derived factor-1 can selectively interfere with replication of these viruses. In addition to CCR5 and CXCR4, other chemokine receptors, including CCR2B, CCR3, and CCR8 can act as viral coreceptors, although rarely, and their ligands [including monocyte chemotactic protein (MCP) 2, MCP-3, eotaxin, thymus-and activationregulated chemokine (TARC), and I-309] have demonstrated inhibitory effects on viral replication (9) (10) (11) (12) .
Macrophage-derived chemokine (MDC) is produced by several cell types, including macrophages, dendritic cells, and B and T lymphocytes (13) (14) (15) (16) (17) , and can induce chemotaxis of monocytes, T lymphocytes, natural killer cells, and, in particular, dendritic cells (17, 18) . A truncated form of MDC, named native MDC, lacking the first two N-terminus amino acids (19) , originally was purified from the supernatant of immortalized CD8 ϩ T cells of HIV seropositive individuals and shown to exert a broad spectrum inhibitory activity against different HIV and simian immunodeficiency virus strains regardless of their differential usage of chemokine entry coreceptors (19) . This finding was, however, confuted by some (20, 21) , but confirmed by other investigators who focused on HIV replication in activated T cells (22) . The antiviral mechanism of action of MDC in activated T cells remains undefined (19, 22) . In addition, whether MDC can inhibit HIV replication in macrophages has not been addressed, although lack of interference with viral entry in these cells by a surrogate ␤-galactosidase-reporter infection system has been mentioned (20) .
In the present study, we have investigated whether full-length synthetic MDC could interfere with HIV replication in either activated primary T cells or in MDM of seronegative individuals. Our results indicate that MDC exerts a suppressive effect on HIV replication in MDM, but not in activated T cells by an entry-independent mechanism. Furthermore, the differential ability of HIV to replicate in MDM of different donors was found inversely correlated to the constitutive capacity of these cells to secrete MDC.
Materials and Methods T Cell Blasts.
Peripheral blood mononuclear cells of healthy seronegative individuals were stimulated for 72 h with 5 g͞ml of phytohemagglutinin (PHA-P, Sigma), washed extensively, and resuspended in RPMI 1640 (BioWhittaker) containing 10% FCS (HyClone) and recombinant IL-2 (Boehringer Mannheim) (complete medium). In some experiments, peripheral blood mononuclear cells were depleted of CD8 ϩ cells (mostly T cells) by a single round of immunoconjugated beads following the manufacturer's instructions (Dynatech, Dynal, Oslo).
MDM. Monocytes were isolated from peripheral blood mononuclear cells obtained from buffy coats of healthy HIV seronegative blood donors by Ficoll-Hypaque silica gradient (Amersham Pharmacia), followed by sedimentation onto an isoosmotic Percoll gradient (Amersham Pharmacia), as described (23) . Purity was consistently Ն 90%, as determined by FACS analysis of CD14 expression (23) . Monocytes were seeded in 48-well plastic plates (Falcon, Becton Dickinson Labware) at 2-3 ϫ 10 5 cells͞ml in DMEM (BioWhittaker) supplemented with 10% FCS (HyClone) and 5% pooled human serum. Media and sera were monitored for low content of endotoxin by the Limulus amoebocyte lysate assay (BioWhittaker).
HIV Infections. Three-day stimulated T cell blasts were washed and resuspended in complete medium before infection with either the macrophage-tropic R5 HIV-1 BaL or the T lymphotropic X4 HIV-1 LAI/IIIB strains (24) at the multiplicity of infection (moi) of 0.1. Five-to 7-day-old MDM were infected with HIV-1 BaL at the same m.o.i. Fifty percent of culture media were replaced with fresh media twice a week. Aliquots of culture supernatants were harvested every 2-3 days and stored at Ϫ80°C. Cell pellets were prepared at different time points and stored at Ϫ80°C. HIV replication was monitored by a Mg 2ϩ -dependent reverse transcription (RT) activity assay on culture supernatants (25) .
HIV DNA Quantitation by TaqMan. The kinetics and levels of HIV DNA accumulation in MDM were determined by the TaqMan assay with an ABI 7700 Prism instrument (Perkin-Elmer Applied Biosystems), as recently described in detail (25) . Briefly, DNase-treated HIV-1 BaL was added to MDM cultures at the multiplicity of infection of 0.1. Cells then were harvested at different times after infection, washed extensively, counted, and centrifuged at 3,000 rpm for 10 min. Cell pellets then were lysed in a buffer containing proteinase K, and the DNA was extracted by phenol-chloroform and precipitated by ethanol. DNA preparations corresponding to 10 5 cells were amplified with the following primers: forward, 5Ј-ACA TCA AGC AGC CAT GCA AAT-3Ј (1368 to 1388); reverse, 5Ј-ATC TGG CCT GGT GCA ATA GG-3Ј (1472 to 1453); and probe (FAM), 5Ј-CAT CAA TGA GGA AGC TGCAGA ATG GGA TAG A-3Ј (TAMRA) (1401 to 1431); the number in parentheses indicated the primer's position in the HIV-1 HXB2 molecular clone (26) . The thermal cycling conditions were 50°C for 2 min, 95°C for 12 min, and 40 cycles of 95°C for 15 s and 65°C for 1 min. Each run contained standards consisting of DNA obtained from serial dilutions of the chronically infected ACH-2 T cells, which contain one integrated copy of infectious proviral DNA per cell. As reported (25) , a linear distribution (r ϭ 0.99) was obtained between 2 and 31,250 ACH-2 T cells. Curve fitting and interpolation of unknown values was performed by using the TAQMAN software. Separate ␤-actin amplifications were carried out for control by using a commercial kit (Perkin-Elmer) following the manufacturer's instructions.
Functional Studies. MDM migration was evaluated by using a chemotaxis microchamber technique with 5 m polycarbonate filters (Neuroprobe, Cabin John, MD), as described (18) . Changes in intracellular calcium concentration were monitored by the fluorescent probe Fura-2 (Calbiochem) by using a LS-5B fluorimeter (Perkin-Elmer) (22, 25) . Source of MDC. Synthetic MDC was obtained by ICOS (kind gift of Pat Gray) after analysis by HPLC, gel electrophoresis, and N-terminal sequencing. Binding studies suggest that full-length MDC binds CCR4 with high affinity (IC 50 : 30 pM). MDC and MCP-1 were tested by ELISA as reported (14, 27) .
Results

MDC Inhibits HIV-1BaL Replication in MDM but Not in T Cell Blasts.
Synthetic lipopolysaccharide-free (by the limulus amoebocyte cell lysate test) MDC inhibited the replication of the R5 HIV-1 BaL in MDM cultures established from eight of 10 donors, whereas it did not show significant effect on virus production in the remainders. MDC inhibition of HIV replication in MDM was observed in a range between 100 and 1,000 ng͞ml; in some donors, concentrations of MDC above 100 ng͞ml resulted in a near complete inhibition of virus replication (Fig. 1 Upper) . In contrast, no substantial modulatory effects on virus replication were observed when MDC was tested on primary T cell blasts infected with HIV-1 BaL , that, otherwise, were completely inhibited by RANTES (Fig. 1 Lower Left). RANTES, on the other hand, showed only partial inhibitory effects on HIV-1 BaL replication in MDM of some donors (Fig. 1 Upper) and did not inhibit virus production with cell cultures established from other seronegative individuals, as reported (28) . Neither MDC nor RANTES significantly inhibited CXCR4-dependent viral replication in T cell blasts, consistently with previous observation (3) (Fig. 1 Lower Right) . Because HIV-1 LAI/IIIB replication in MDM was only rarely and inconsistently observed, the effect of chemokines on this virus infection was not investigated.
As observed with activated T cell blasts, human cord blood (CB) mononuclear cells differentiated along the T helper (Th) 1 or Th2 pathways in the presence of polarizing signals [such as IL-4 and anti-IL-12 mAbs, for Th2 development and IL-12 plus anti-IL-4 mAb for Th1 differentiation (29) ], were infected with HIV-1 BaL . Comparable levels of virus replication were observed in these cell lines as recently reported (25) , which were substantially inhibited by RANTES, whereas MDC did not interfere with HIV-1 replication in these polarized CB-derived cells or in activated unpolarized (Th0) CB cells (data not shown). Differences Between MDC Preparations. The mature form of MDC was made by direct chemical synthesis as described (18) and by recombinant expression in mammalian cells and in yeast. This material was biologically active in terms of its capacity to elicit both Ca 2ϩ fluxes and chemotaxis in cells expressing CCR4 but not other chemokine receptors (30) . In addition, these MDC preparations were analyzed by using the following biochemical assays: N-terminal amino acid sequencing, mass spectrometry, analysis of disulfide pairing, and recognition by conformation dependent mAbs. UV spectral analysis also was performed, and the spectra obtained from native MDC were compared with MDC that had been rendered biologically inactive by denaturation. Material obtained from one commercial source that had no biological activity in chemotaxis assays had a UV spectra that was identical to that of denatured rather than native (active) MDC (D. Chantry, personal communication).
We originally had tested different commercially available sources of MDC. Results were inconsistent, with inhibition observed in 5͞13 infections (not shown). Because these commercial preparations were not systematically checked by using the above criteria, the reason for these inconsistent results cannot be defined with certainty, but it is tempting to speculate that they relate to the quality of the material. All together, in the MDM cultures established from 13 independent donors in which MDC inhibited HIV-1 BaL replication, its activity ranged between 49% and 99%, with a mean inhibition of peak of RT activity production (Ϯ SD) of 82.3% (Ϯ18.4%).
MDC Does Not Inhibit Entry and RT of HIV-1BaL in MDM.
To elucidate whether MDC interfered with entry of HIV-1 into MDM, the kinetics of accumulation of HIV proviral DNA were quantified by real-time PCR using an Applied Biosystems Prism 7700 apparatus (25) . In contrast to its inhibitory effects on RT activity production, MDC did not substantial affect HIV DNA accumulation up to 72 h postinfection ( Fig. 2A) , whereas complete inhibition was observed in MDM incubated with 3Ј-azido-3Ј-deoxythymidine (AZT) (Fig. 2B) (31) . In some experiments, HIV DNA was evaluated up to 8 days postinfection. Although beyond the linear detection range on the assay, no substantial differences were observed in terms of accumulation of HIV DNA in MDM treated with MDC in comparison to untreated MDM (data not shown). In consideration of the fact that a single round of HIV replication occurs in approximately 24 h in T cells and up to 48 h in macrophages (32) , these findings suggest that MDC can interfere with HIV replication in macrophages by acting at a postentry step of the virus life cycle. (Fig. 3A) . Of interest, we observed that HIV-1 BaL replication occurred more efficiently in MDM cultures characterized by peak constitutive MDC secretion lower than 15 ng͞ml in uninfected parallel cultures, whereas substantially less efficient viral replication was observed when MDM constitutively secreted higher levels of the chemokine (Fig. 3B) . This association was further confirmed with infection of MDM by viruses other than HIV-1 BaL , and including the laboratory-adapted strain ADA (reported to use CCR3 and CCR8 in addition to CCR5) (9, 11) and two primary isolates: the R5 monotropic GRA and the R5͞X4 dual-tropic DUR (27) (Fig. 3B) . The levels of MDC secreted at different time points during infection were not decreased in comparison to those of parallel uninfected cultures (data not shown). The possibility that the observed patterns could be explained or contributed by the constitutive ability of MDM to secrete other HIV-regulatory CC chemokines was investigated in the same cell culture supernatants. As reported (33-36) very low levels of RANTES, MIP-1␣, and Endogenous secretion of MDC from uninfected MDM and HIV replication. MDM culture supernatants from different donors were collected at day 5 and tested for their contents of MDC before infection with HIV-1 BaL (A). In some experiments, infections by ADA (B) and by two primary HIV isolates (DUR, R5, and GRA, R5͞X4) also were performed. A strong inverse association between levels of endogenously secreted MDC (low: Ͻ15 ng͞ml, full symbols; high: Ͼ15 ng͞ml, open symbols) and HIV replicative ability in these MDM cultures was observed.
MIP-1␤ were detected in the uninfected MDM cultures, whereas substantial levels of MCP-1 were observed, as described (27, 35) (Table 1) . Thus, the intrinsic ability of macrophages of secreting variable amounts of MDC may represent an important variable in their capacity to support HIV replication once infected.
Discussion
Our study shows that MDC is an effective inhibitor of R5 HIV-1 replication in MDM acting at one or more postentry steps in the virus life cycle. In agreement with previous observations (20, 21) , MDC did not inhibit either R5 or X4 viral replication in activated T lymphocytes, including T cell blasts, Th0, Th1, and Th2 cells differentiated from human CB. Therefore, MDC shows a more restricted spectrum of antiviral activity to that originally ascribed to native MDC (19) . Of note, differences in the amino acid sequence at the N terminus were shown to exist between native MDC and MDC (19) . Truncated MDC lost binding to CCR4, the only characterized receptor for this chemokine (30) , although it maintained chemotactic activity likely via interaction with an undefined cell surface molecule (22) .
The lack of effect of MDC on HIV replication in T lymphocytes cannot be explained by lack of CCR4 expression in that all of the cells tested are capable of responding to similar concentrations of MDC (18) . In addition, preferential surface expression of CCR4 recently has been shown on Th2 rather than Th1 cells (37) (38) (39) , although HIV-1 infection of neither cell type was inhibited by MDC.
We also have observed major differences by using independent sources of synthetic MDC, which may in part explain the existing discrepant results reported in the literature. Of note is the fact that enhancement of viral replication, as well as no effects and inhibition, was observed by using a second source of the chemokine. In this regard, enhancement of HIV replication in MDM by both full-length and truncated MDC has been reported (40) by using a commercial source of the chemokine. We believe that in the future it will be important to specify whether the different synthetic MDC had been checked for their folding patterns before biological testing, in that different and often opposite results can be obtained. It is conceivable that an improperly folded molecule may retain some functional properties (i.e., receptor binding and chemotaxis) but may act as an antagonist for other functions, including modulation of HIV replication.
The analysis of HIV DNA accumulation, measured by a quantitative assay (25) , has indicated that MDC did not interfere with either entry or RT. Therefore, in contrast to CCR5-or CXCR4-binding chemokines (6) , MDC is likely to act at one or more postentry levels in MDM, as previously shown for some anti-inflammatory cytokines, including IL-4, IL-10, and transforming growth factor ␤ in monocytic cells (reviewed in ref. 41) .
The observation that relatively high levels of MDC constitutively secreted by MDM are inversely correlated to the ability of HIV to replicate in these cells suggests that endogenous MDC may represent an important determinant of the replicative capacity of the virus in macrophages. In this regard, it has been previously shown that either CD4 ϩ or CD8 ϩ T lymphocytes of some highly exposed, but uninfected, individuals were resistant to infection by R5 viruses as a result of their ability to secrete high levels of CCR5-interacting chemokines (42, 43) or because of anti-CCR5 antibodies (44) . Our findings suggest that MDC can play a similar role in the case of macrophage infection, at least in vitro.
The postentry inhibitory capacity of MDC on HIV replication in macrophages suggests that synergistic interactions between chemokines and͞or cytokines acting at different levels of the HIV life cycle can occur and represent important determinants of the ultimate capacity of the virus to spread in infected individuals. We thank David Chantry and Pat Gray from ICOS Corporation for provision of quality-controlled MDC and helpful suggestions, Alessia Verani for testing the potential presence of contaminant lipopolysaccharide, and Andrea Brambilla for assistance with the real-time PCR assay for quantitation of HIV DNA. This work was supported in part by grants of the National Project for Research Against AIDS of the Istituto Superiore di Sanità, Rome. M.M. is a fellow of the Associazione Nazionale per la Lotta contro l'AIDS. The reported values indicate the peak chemokine levels (ng/ml) detected in the supernatants of uninfected MDM cultures. ND, not determined.
